Cerium conversion coatings are a potential alternative to chromium conversion coatings for improving the corrosion resistance of magnesium alloys. This study detailed the microstructure and corrosion resistance of cerium conversion coatings on AZ31 magnesium plates treated in 0.05 kmol m À3 cerium nitrate solution, with and without 0.25 kmol m À3 hydrogen peroxide. The results indicate that the corrosion resistance of the coating was related to the microstructure of the major overlay, and to the defects of the coating. The major overlay changed from a fibrous structure to a compact layer, as hydrogen peroxide was added to a cerium nitrate solution. Meanwhile, severely-damaged areas were observed on the coating formed in the presence of hydrogen peroxide. Although the compact coating displayed better corrosion resistance than its fibrous counterpart, both coatings were locally corroded during the polarization test.
Introduction
Environmental concerns about the use of hexavalent chromate have stimulated the development of non-chromate solutions for conversion coating treatment of magnesium, leading to the emergence of phosphate, 1) phosphate/permanganate, [2] [3] [4] stannate, [5] [6] [7] and solutions containing salts of rare earth metals. [8] [9] [10] [11] For the medium containing rare-earth metal salts, the solution containing Ce 3þ has received everincreasing attention, into which Ce 3þ is usually added in the form of nitrate, sulfate or chloride. In these cerium salt solutions, AA2024 and AA7050 aluminum alloys exhibit improved corrosion resistance by the formation of an insoluble film at cathodic sites. 12, 13) Furthermore, cerium conversion coatings on aluminum alloys have studied extensively. [14] [15] [16] [17] [18] [19] [20] [21] [22] In contrast, cerium conversion coating treatments for magnesium alloys are less well studied.
Hydrogen peroxide (H 2 O 2 ) in a solution containing Ce 3þ has been demonstrated to accelerate the formation of conversion coating on aluminum and magnesium alloys. 9, 10, 15, 21, 23) Because H 2 O 2 is a strong oxidant, its presence in the solution can, on one hand, promote oxidation and dissolution of the substrate, which in turn, accelerate the precipitation of the conversion coating layer. On the other hand, H 2 O 2 in the solution can cause oxidation of Ce 3þ to Ce 4þ . 14, 23) During conversion coating treatment, Ce 3þ and Ce 4þ can be precipitated as a conversion coating that contains Ce (III) and Ce (IV) species, respectively. 15) Consequently, in addition to the accelerated coating reaction, the presence of H 2 O 2 in a solution containing Ce 3þ can modify the structure and properties of cerium conversion coating on magnesium. This study details how H 2 O 2 in cerium nitrate solutions influences the microstructure and corrosion resistance of the cerium conversion coating on an AZ31 magnesium alloy. Some microstructural characteristics affecting the corrosion resistance of the coating also were identified.
Experimental Details
The conversion coatings were made on commercial AZ31B magnesium plates. Before treatment, the plate was mechanically polished using emery paper up to 1000 grit, rinsed with deionized water, cleaned in acetone ultrasonically, and finally rinsed with deionized water. After the final rising process, the plate was immediately immersed in a solution composed of 0.05 kmol m À3 cerium nitrate (Ce-(NO 3 ) 3 ), to which 0.25 kmol m À3 H 2 O 2 was added. The pH of a 0.05 kmol m À3 Ce(NO 3 ) 3 solution with and without the addition of H 2 O 2 was approximately 2.7 and 5.2, respectively. The conversion coating treatment was conducted in a solution at 30 C for 0.5 to 10 min. The open circuit potential of the plate during immersion was measured in reference to a saturated calomel electrode (SCE) using an EG&G 263 potentiostat. After immersion, the plate was thoroughly washed in deionized water, dried by a cold air stream, and then left to dry overnight at room temperature.
The surface morphology of the conversion coating was investigated using scanning electron microscopy (SEM). Cross-sectional transmission electron microscopy (TEM) was employed to reveal the detailed microstructure of the coating. Additionally, the composition associated with the distinct features observed in the coating was measured via energy-dispersive spectrometry (EDS) in TEM using an electron probe that was 10 nm in diameter. Finally, the structure of the coating was identified using the electron diffraction technique.
The corrosion resistance of a plate before and after conversion coating treatment was measured by means of potentiodynamic polarization tests using an EG&G 263 potentiostat. The specimen, with an exposed area of 1 cm 2 , was immersed in a solution composed of 0.05 M sodium chloride and 0.1 kmol m À3 sodium sulfate at room temperature. The counter and reference electrodes were the platinum foil and saturated calomel electrode (SCE), respectively. After the polarization test, the surface morphology of the plate was investigated using SEM. Figure 1 3 , the OPC reached a maximum potential after 1 min of immersion, then decreased to a steady value of around À1:34 V (vs. SCE) after 2 min of immersion. The OCP then changed slightly with continued immersion up to 10 min. For the plate immersed in a solution with the addition of 0.25 kmol m À3 H 2 O 2 , followed by a rapid initial increase, the OCP gradually reached a steady value of approximately À1:25 V after 2 min of immersion, and then changed slightly throughout the immersion process.
Results

OCP evolution during immersion
Evolution and microstructure of the coating
The as-polished plate displayed a shiny metallic appearance. After 1 min of immersion in Ce(NO 3 ) 3 solution, the plate displayed a light grey color and gradually changed to dark grey as immersion proceeded (not shown here). In contrast, a plate treated in the solution with H 2 O 2 added exhibited a pale yellow color during the early stage of immersion. Again, its color became intensive yellow with continued immersion (not shown here). Figure 2 shows the surface morphology of the coating on a plate treated in Ce(NO 3 ) 3 solution for 3 and 10 min, respectively. After 3 min of immersion, the plate was completely covered with a coating [ Fig. 2(a) ], while the tracks of scratches induced during mechanical polishing were still visible [marked by the arrow in Fig. 2 The plate immersed in the solution with the addition of H 2 O 2 for 3 min was covered with a thin coating, on which the tracks of scratches remained visible. This figure also shows that the coating had been locally damaged [marked by the arrow in Fig. 3(a) ] A close-up view revealed that a thin coating layer still presented inside these severely-damage areas [ Fig. 3(b) ], where severe cracking occurred. Nevertheless, the coating surface was relatively smooth as compared with the interlaced fibers on the coating formed in the Ce(NO 3 ) 3 solution. The population density of severely- damaged areas generally increased with continued immersion, as shown in Fig. 3(c) . Figure 4 (a) presents a cross-sectional TEM investigation of a plate immersed in Ce(NO 3 ) 3 solution for 3 min. The coating exhibited a three-layered structure: a porous layer directly contacting the substrate; a compact layer as the immediate layer [marked by the arrow in Fig. 4(a) ]; and a fibrous major overlay. Our previous study revealed the porous layer was primarily composed of magnesium and aluminum hydroxide/oxide; while the fibrous major overlay was presumably cerium hydroxide/oxide. 11) Since the coating displayed a grey color, this fibrous layer was likely cerium (III) hydroxide/oxide. 24) The coating formed after a longer period of immersion still comprised three layers, in which the major overly (i.e. the fibrous layer) grew with continued immersion, while the thickness of the porous and compact layer changed slightly as immersion proceeded. Cross-sectional TEM further revealed that the relatively large cracks induced during prolonged immersion had penetrated through the coating, as shown in Fig. 4(b) . Figure 5 (a) shows the cross-sectional characterization of a plate after 3 min of immersion in the solution containing H 2 O 2 . The coating consisted of a porous layer contacting the substrate and a compact overlay. Figure 5(b) shows the selected area diffraction (SAD) pattern of the compact layer, in which the diffraction rings can be assigned to CeO 2 , as demonstrated by the corresponding plane index in this figure. Figure 6 shows the cross section of a plate immersed in the solution containing H 2 O 2 for 10 min. The plate was still directly covered by a porous layer, as marked by '2' in Fig. 6(a) . An additional compact layer [marked by '1' in Fig. 6(a) ] was found to reside on top of the compact layer in contact with the porous layer. This figure also reveals that MBond epoxy, used to sandwich two treated plates together for preparing the cross-sectional TEM specimen, had flowed into the two compact layers, indicating that the compact layer Figure 7 shows the polarization curves of the plates before and after the conversion-coating treatment in the solution with and without the addition of H 2 O 2 . Compared to the untreated plate, the plate with conversion coating had higher corrosion potential and less corrosion current density regardless of the presence of H 2 O 2 . However, after the same immersion time, the plate immersed in the solution containing H 2 O 2 displayed better corrosion resistance than that immersed in the solution solely consisting of Ce(NO 3 ) 3 . Furthermore, deterioration in the corrosion resistance was observed among the plates immersed in the solutions with and without H 2 O 2 , as the immersion was prolonged from 3 to 5 min. After 10 min of conversion-coating treatment, the polarization curve of a plate (with an area of 2 Â 6 cm 2 ) varied markedly at different tested areas, suggesting that the treated plate exhibited non-uniform corrosion resistance. Consequently, prolonged immersion seems to deteriorate the corrosion resistance afforded by the cerium conversion coating. 8, 9) Figure 7 also demonstrates that the treated plate underwent obvious pitting corrosion during anodic polarization. The Figure 8 shows the surface morphology of a plate after the polarization test up to À0:8 V vs. SCE. Several large corrosion pits were observed on both plates treated in the solutions with or without the addition of H 2 O 2 . Other than the corrosion pits, the coating remained unattacked, signifying that its corrosion was related to the defects in the coating.
Polarization curves
Discussion
The presence of H 2 O 2 in Ce(NO 3 ) 3 solution markedly affects the morphology and microstructure of the conversion coating on AZ31 magnesium plates. In Ce(NO 3 ) 3 solution, the coating exhibits a three-layered structure, in which the major overlay is presumably cerium hydroxide/oxide and the porous layer contacting the substrate is mainly composed of magnesium/aluminum hydroxide and oxide. Our previous study showed that proton discharge accompanying oxidation and dissolution of magnesium substrate results in a pH rise ahead of the substrate/solution interface. 11) This high pH causes the precipitation of Mg 2þ and Al 3þ ions dissolved from the substrate as a magnesium/aluminum hydroxide layer directly contacting the substrate. Further away from the substrate/solution interface, the primary precipitation is Ce 3þ ions to cerium (III) hydroxide/oxide, since Mg 2þ and Al 3þ ions are markedly depleted due to their precipitation in the vicinity of the magnesium surface.
The conversion coating formed in the presence of H 2 O 2 in the solution also comprises a porous magnesium/aluminum hydroxide and oxide layer contacting the substrate, while its major overlay is presumably cerium (IV) hydroxide/oxide. It is likely that the porous layer also forms via a dissolution/ precipitation mechanism. Since H 2 O 2 is a strong oxidizer, its presence in the solution not only causes oxidation of Ce 3þ to Ce 4þ , but also enhances oxidation and dissolution of magnesium substrate. Accompanying these oxidation reactions, the primary reduction is proton discharge, which again leads to an increase in the pH ahead of the substrate/solution interface. 11, 14) Ce 4þ then can precipitate as Ce(OH) 4 which, once dehydrated, transforms to cerium (IV) oxide (reaction 1).
Although the SAD pattern of the compact overlay formed in the solution containing H 2 O 2 indicates that this compact layer observed in TEM is CeO 2 , this layer can be hydrated cerium (IV) oxide or cerium (IV) hydroxide during immersion in the solution. Dehydration can take place during the drying process and TEM sample preparation. Further study is necessary to elucidate the structure and phase of the compact layer in the as-deposited state. Nevertheless, unlike the cerium (III) hydroxide/oxide associated with the fibrous layer formed in the solution without H 2 O 2 , the compact layer formed in the solution containing H 2 O 2 is predominantly the cerium (IV) hydroxide/oxide. This is consistent with the observation that H 2 O 2 in a solution containing Ce 3þ causes oxidation of Ce 3þ to Ce 4þ . 14, 15, 23) Although the mechanism by which cerium (IV) hydroxide/oxide forms is not clear, it exhibits a quite different morphology than cerium (III) hydroxide/oxide. The surface of cerium (IV) hydroxide/oxide is flat and smooth, while cerium (III) hydroxide/oxide consists of interlaced fibers. Cross-sectionally observed in TEM, the cerium (IV) hydrox- ide/oxide layer is compact and composed of fine grains. In contrast, the cerium (III) hydroxide/oxide layer consists of fibers with poor crystallinity. Furthermore, the cerium (IV) hydroxide/oxide layer exhibits better corrosion-protective properties than its cerium (III) counterpart. Both the cerium (III) and (IV) hydroxide/oxide coated AZ31 plates, however, undergo pitting corrosion during anodic polarization. This pitting corrosion is apparently associated with the defects in the coating layer. The primary defects of the coating formed in Ce(NO 3 ) 3 solution are cracks, which can penetrate through the entire coating layer that is thick enough due to prolonged immersion. These cracks have been shown to be induced by the stresses generated by volume shrinkage of the coating during the drying process. 11, 21) When H 2 O 2 was added to the solution, the major defects associated with the coating were the local severely-damaged areas. Long-term immersion generally results in more severely-damaged areas, while the coating is thin during the early stage of immersion. Consequently, the coating with optimal corrosion resistance can be obtained after conversion coating treatment for an intermediate time. Further work is necessary to understand the factors causing severe damage of the coating layer. Strategies to avoid such damage are crucial for enhancing the corrosion resistance afforded by cerium conversion coatings.
Conclusion
The presence of H 2 O 2 in Ce(NO 3 ) 3 solution modified the microstructure and corrosion resistance of the cerium conversion coating on AZ31 magnesium plates. The layer directly contacting the substrate was porous magnesium/ aluminum hydroxides and oxides regardless of the addition of H 2 O 2 . This porous layer presumably formed via a dissolution/precipitation mechanism. The major overlay of the coating formed in the Ce(NO 3 ) 3 solution was fibrous cerium (III) hydroxide/oxide, while that formed in the solution containing H 2 O 2 was rather compact cerium (IV) hydroxide/oxide. Furthermore, both coatings contained several defects. The coating with cerium (III) hydroxide/ oxide overlay contained many cracks, while the coating with cerium (IV) hydroxide/oxide overlay had locally-damaged areas in which severe cracking was observed.
The coating formed in the solution with the addition of H 2 O 2 had better corrosion resistance than that formed in the solution solely consisting of Ce(NO 3 ) 3 . Furthermore, both coatings underwent pitting corrosion during the polarization test. These pitting sites were associated with the defects in the coating. Strategies are necessary to avoid the formation of these defects, in order to improve the corrosion-protective properties afforded by cerium conversion coatings.
